Introduction: Non-dystrophic Myotonia (NDM) is characterized by myotonia without muscle wasting.
Introduction
Non-dystrophic myotonia (NDM) is caused by mutations in muscle sodium and chloride channels [1] [2] [3] [4] [5] .
The key feature of NDM is myotonia, which is delayed muscle relaxation following contraction.
Clinically, patients experience stiffness, pain and weakness. In addition, transient paresis has been described, where temporary weakness resolves with repeated muscle contractions [6] [7] [8] [9] . Myotonia can be evoked either by voluntary contraction or percussion of muscles and by electrical stimulation.
Classically, NDM can be divided into two major disease categories: myotonia congenita (MC) associated with chloride channel mutations, and paramyotonia congenita (PMC) associated with sodium mutations. MC patients have a pattern of "warm-up" on repeated muscle contractions, whereas PMC patients have a pattern of worsening of symptoms, or paradoxical myotonia (paramyotonia), with repeated contractions. Other sodium channel disorders associated with NDM are hyperkalemic periodic paralysis and potassium aggravated myotonia 2, 10, 11 . In addition myotonic dystrophy type 2 (DM2)
caused by an unstable expansion of a CCTG tetranucleotide repeat may have a similar clinical presentation to NDM 12, 13 .
Prior studies in NDM have used experimental techniques to quantify handgrip myotonia. A force transducer, or flexion against a metal plate connected to a force transducer have been used to evaluate peak force, 3/4 relaxation time, or 90% to 10% relaxation times. Patients with PMC have cold-induced myotonia which worsens with exercise, and concurrent reduction in peak force 14 . Patients with potassium aggravated myotonia have delayed exercise-induced myotonia, which is provoked by potassium, without changes in force 15 . More recently, a commercially available quantitative measure of handgrip myotonia (QMA) to calculate peak force and relaxation times following forced handgrips has been used in patients with myotonic dystrophy type 1 (DM1) [16] [17] [18] [19] [20] . This technique was subsequently used
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successfully to show a reduction in 90% to 5% relaxation time after treatment with mexiletine in a randomized, placebo-controlled cross-over study in DM1. Although early studies in NDM documented the key patterns of myotonia in NDM, to date there are no studies utilizing a commercially available system and standardized protocol in a broad group of NDM patients. The ability to quantify not only relaxation times, but also the patterns of myotonia on sequential handgrips may be useful for documenting response to therapy in future NDM trials.
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Methods
Subjects
The NDM subjects enrolled in this study (n=91) were all part of the Consortium for Clinical Patients were included: 1) if they were older than 6 years old; 2) had clinical symptoms or signs suggestive of a myotonic disorder; and 3) had myotonic discharges on needle electromyography. For patients with a history of taking medications that can cause myotonia (fibrate acid derivatives, hydroxymethylglutaryl CoA reductase inhibitors, chloroquine, or colchicine), symptoms and signs of myotonia were required to persist after discontinuation. Patients were excluded if they had features suggestive of myotonic dystrophy (ptosis, temporal wasting, mandibular weakness, cataracts before the age of 50, or evidence for multi-system involvement), or other neurological conditions that might affect assessment of study measurements.
Measurements
All subjects underwent a baseline visit which included a symptom questionnaire, physical examination, electrophysiological studies, and blood sample for genetic testing. For this study, subjects were grouped into chloride channel mutations, sodium channel mutations, DM2, and no mutation identified. Sodium channel subjects were further broken down into specific mutations. Chloride channel subjects were
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subdivided into recessive or dominant mode of inheritance based on number of mutations, copy number, and family history. There were some subjects with novel chloride channel mutations or with mutations that have been associated with both recessive and dominant disease who could not be further classified 21 .
Quantitative Myotonia Assessment (QMA)
Average peak force and 90% to 5% relaxation times after maximal voluntary isometric contractions (MVIC) were measured. As described previously 16, 18 , patients were seated upright in a modified chair occurred. Between these two points the force was averaged over the plateau to yield the average peak force for each contraction. Relaxation times (seconds) were then calculated at 90% and 5% declines in force from the peak force value (Figure 1 ). We used the 90% to 5% relaxation time, as this is sensitive to changes in relaxation times occurring at any point in the relaxation phase. This relaxation time interval was used successfully in the randomized, controlled, cross-over trial of mexiletine in DM1 17 .
Clinical evaluators were trained in the procedure during clinical evaluator training meetings and were given a standardized script to read from during testing.
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Standard statistical methods were used for all descriptive statistics including the calculation of the unbiased estimate for standard error and standard deviation. All such descriptive statistics were based on one value per subject, such as the means and standard deviations of the 90% to 5% relaxation times for each numbered hand grip used the average over trials. For the comparisons made to healthy controls (Tables 2&3) , all "normal" descriptive statistics were taken from previously published articles (n=17, mean age 40.9 years, range 21-62, 47% female, Table 1 ) 16, 18 . The 95% distribution upper/lower bounds were equal to the sample mean plus or minus 1.96 (0.975 quintile of the Z-distribution) times the standard deviation using the published "normal" estimates. Coefficient of variation (COV), equal to the sample standard deviation divided by the mean, was used to compare inter-trial variation to previously reported values for DM1 18 . The correlation coefficients for the pair-wise comparison between the 3 trials employed the Spearman method for each hand grip number then taking the average. A mixed linear model with random effects for both Y-intercept and slope across grip number for each trial within each subject was fitted to the 90% to 5% relaxation times as the dependent variable. The likelihood ratio test was computed to determine if there was any systematic fixed effect of trial over the study cohort. Sample size calculations were based on two-period crossover design and Monte Carlo simulation (N=500) studies using a mixed model with 3 random effects: subject, test (for each treatment period) within subject and trial within test. The standard deviations of these effects were either taken directly from the data or were reasonable approximations based on the known estimates; the values used were: 1.08, 0.71, 0.35, and 0.45 for the subject, test within subject, trial within test and the residual, respectively. The significance level for treatment effect was taken from the Wald test associated with the treatment indicator variable and compared to an alpha of 0.05 (1-tail) to estimate the statistical power.
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Results
Quantitative handgrip myometry was performed on 91 subjects with the following genetic mutations: 30 with chloride mutations; 31 with sodium channel mutations; and 6 with tetraplet repeats consistent with myotonic dystrophy type 2 (DM2). Genetic testing did not identify sodium or chloride channel mutations in 24 subjects who met the inclusion criteria of this study. The mean age and gender characteristics are listed in Table 1 . Overall, subjects were comparable between groups and to the previously published normal volunteer population. DM2 subjects were slightly older (mean 55 years).
There were more female subjects in the no identified mutation group (70.8%) and fewer in the chloride channel mutation group (23.3%).
The same day intertrial variation for the first handgrip 90% to 5% relaxation time and average peak force for trials 1-3 was calculated by examining the ratio of the standard deviation to the mean (coefficient of variation, COV) as previously reported in DM1 18 . For peak force the mean COV was 17.7% for the total population (18.5% chloride, 19.2% sodium, 15.2% DM2, and 15.7% no identified mutation). COV for 90% to 5% relaxation time was greater than peak force for all groups, with 40.4%
for the total population (36.7% chloride, 38.4% sodium, 38.0% DM2, and 48.2% for no identified mutation). With 10 minutes rest between trials there appeared to be no systematic trend towards warm up or paradoxical myotonia between trials. Chloride channel mutation subjects showed mean 90% to 5% relaxation times for the 1st handgrip of 1.58 seconds (± 2.1 SD) for trial 1, 1.86 (± 2.4 SD) for trial 2, and 1.58 (±-1.5 SD) for trial 3. Sodium channel mutation subjects showed 1st handgrip relaxation times of 0.80 seconds (± 0.97 SD) for trial 1, 0.70 (± 0.70 SD) for trial 2, and 0.83 (± 1.1 SD) for trial 3. In addition, the trials were strongly correlated for relaxation times, for trial 1 vs 2 ρ=0.634 (range: 0.517 -0.676), for trial 2 vs 3 ρ=0.639 (range: 0.557 -0.818), and for trial 1 vs 3 ρ=0.560 (range: 0.508 -0.611).
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However we cannot rule out a more complicated interaction between trial number, underlying mutation, and effects on consecutive handgrips.
Overall, subjects with NDM had prolonged 1 st handgrip 90% to 5% relaxation times compared to normal volunteers ( Table 2 ). 67% of chloride channel subjects had relaxation times greater than the 95% distribution upper bound. The predominant trend was warm up of myotonia in successive handgrips.
Overall, subjects with recessive inheritance had increased myotonia compared to dominant (Figure 2 ).
Sodium channel subjects also had prolonged first handgrip relaxation times, but in addition they also showed prolonged 6 th handgrip relaxation times compared to normal (1.13 seconds, ±1.49 standard deviation, SD). The pattern of myotonia in successive handgrips was mixed, with 10% showing warm up and 23% showing paradoxical myotonia beyond the 95% distribution upper and lower bounds.
Paradoxical myotonia was almost entirely due to T1313M mutation subjects, with 55% showing a 6 th handgrip relaxation time greater than the normal 95% confidence interval upper bound, and an increase in myotonia in successive handgrips of 1.22 seconds (±1.52 SD, Figure 2 ). Interestingly, subjects with R1448H mutations had essentially normal values on QMA. G1306A subjects had a mixed picture; 1 subject had warm up of myotonia in successive handgrips, and 1 subject had paradoxical worsening of myotonia. Two additional sodium channel subjects showed warm-up of myotonia greater than 1 second from handgrips 1 to 6 (one with V1589M, and the other with S1434P mutations). Subjects with DM2
had normal 90% to 5% relaxation times on the QMA.
Subjects with no identified mutations had a mixed picture overall, with 38% showing prolonged relaxation times greater than the 95% distribution upper bound. The dominant trend was for warm up (in 21% of subjects), but 2 subjects (8%) showed paradoxical effects.
As a group, subjects with NDM showed reduced peak force when compared to a normal population ( Figure 3) . Overall, subjects with sodium channel mutations showed a drop in force in subsequent handgrips. This was most evident in patients with T1313M mutations, where 36% showed a drop in force greater than the normal 95% distribution lower bound (Figure 3 ).
In planning clinical trials due to the rarity of the individual mutation types, it may be more practicable to power studies using 90% to 5% handgrip relaxation time estimates based on the total NDM population.
In figure 4 we show a graph relating study power to effect size for different sample sizes. Due to the rarity of NDM and the chronic nature of symptoms a cross-over design is likely to be more practicable than a parallel design. For example, 50 subjects would have 80% power to detect a reduction in average 90% to 5% relaxation time of just over 30% between treatment and placebo, with a level of significance of 0.05.
.
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Discussion
Where prior studies have demonstrated the utility of using this commercial system for measuring handgrip myotonia in patients with DM1 16, 19, 18 , here we examined the utility of this technique in NDM, a population comprised of both skeletal muscle sodium and chloride channel mutations [1] [2] [3] [4] [5] 22 . In addition,
we included a subgroup of DM2 subjects who presented with myotonia in the absence of other systemic features characteristic for myotonic dystrophies, similar to NDM 12, 13 .
Intertrial variability in this population was greater than in normal individuals, but it was similar to previously published reports using the QMA in DM1, likely reflecting the natural variability in myotonia. The coefficient of variation for peak force and 90% to 5% relaxation time were 17.7% and 40.4% respectively (versus 10.7% and 33.2% for DM1, and 5.4% and 23.1% for normal individuals) 18 .
The COV was lower for subjects with identified mutations.
In prior reports, DM1 showed a relatively constant level of force in repetitive handgrips (a drop of 6%) compared to normal individuals (a drop of 14%), and a large decrease in 90% to 5% relaxation times consistent with the phenomenon of warm-up 16 . In NDM, overall trends in sequential peak force and 90% to 5% relaxation times were characteristic for genetic mutations. Overall, the groups showed prolongation of 1 st handgrip relaxation times compared to normal. Chloride channel patients showed a pattern of warm-up in subsequent handgrips, which corresponded with an increase in peak force. The changes in peak force were largely driven by subjects with recessive inheritance who showed a phenomenon which may be consistent with prior reports of transient paresis 23, 9, 24, 7 . Unfortunately, this protocol was not designed to document the absolute drop in peak force over a single handgrip. However subjects with recessive chloride channel mutations had an average decrease in 1 st handgrip peak force compared to dominant subjects, which warmed-up over subsequent handgrips. Another possibility is that subjects with recessive chloride channel mutations were simply weaker than dominant subjects and
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demonstrated more myotonia. It is not possible to distinguish between myotonia and transient paresis using this protocol, as the two effects are not independent of each other.
Patients with sodium channel mutations also showed an increase in 1 st handgrip relaxation times.
However paradoxical myotonia using this protocol was only seen consistently in patients with T1313M
mutations. This protocol, although it combines repeated contractions separated by 10 minutes rest, was not sufficient to provoke the prominent delayed myotonia previously described in myotonia fluctuans 15 .
One alternative to the QMA system might be to use repetitive short exercise testing 25, 26 . This test is Indeed the advantage of the current QMA standardized protocol and automated analysis package is its ability to be used by multiple sites in multiple countries in a clinical trial setting. For NDM in particular, where the rarity of the disorder necessitates combining groups which have often been described separately to increase power, what is lost in diagnostic sensitivity is gained in a simpler protocol and automated analysis.
Recently the QMA was used as an outcome measure to show significant changes in relaxation times before and after treatment with mexiletine, an antimyotonic agent in DM1 17 . It may be that for smaller
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trials, or n of 1 trials where the goal in to establish utility of a therapy in a single patient or a small group of patients, the protocol could be maximized to increase its sensitivity. Either fitting relaxation time curves with a regression model to estimate relaxation times 27 and reduce variability, or using repetitive stimulation to evoke myotonia 28 Regardless of these limitations, the NDM population as a whole shows abnormalities on QMA testing, and simple parameters like changes in 90% to 5% relaxation time or peak force would be useful for the majority of NDM patients. The sample size estimate of 50 subjects for a cross-over design is still a large number for a rare disease like NDM, but this standardized, automated protocol makes this technique feasible for use at multiple sites in multiple countries. 
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Additional
